The suppression of regional CBF (rCBF) in the center of a cortical ischemic focus is accompanied by the impairment of neurophysiological functions (Heiss et aI. , 1976; Branston et aI., 1977 ; Morawetz the primary somatosensory cortex), CBF stayed nearly at control levels during occlusion. Evoked potentials and single-unit activity induced by tibial nerve electrical stim ulation decreased �S min after occlusion and were abol ished �S min later. At that time, single-unit activity had changed to a nonresponsive pattern but persisted. How ever, potentials evoked transcallosally by electrical stim ulation of the contralateral hemisphere were still re corded. After reopening the MCA, the recovery of neu ronal functions was usually complete and occurred within �S min. We conclude that attention has to be fo cused on those areas surrounding an acute ischemic focus that show either no or only slight CBF alterations, The functional impairment found in such areas is caused by the injury of subcortical structures leading to a cor tical deafferentation. Considering the apparent lack of a CBF disturbance, such a condition should be distin guished from the so-called cortical ischemic penumbra. Key Words: Cat-Cortical deafferentation-Focal cere bral ischemia-Middle cerebral artery occlusion-Mul timodally evoked potentials-Single-unit activity.
et aI ., 1979; Hossmann and Schuier, 1980) . In the surrounding zones of somewhat reduced or even unimpaired perfusion, however, an abolishment of local functions may occur as well. Sensory evoked potentials have been assumed to be good estimates for the functional state of areas under ischemic in fluence (Branston et aI., 1974; Meyer et aI. , 1985) . By evaluating multiple evoked potentials, we have documented in adjacent studies that, depending on the single observed sensory response, a good, me diocre, or bad correlation with blood flow reduc tion can be obtained. In the cat, the evaluation of primary auditory evoked responses in the middle ectosylvian gyrus showed complete abolishment and nearly no recovery after 1-and 2-h occlusions of the middle cerebral artery (MCA) accompanied by total suppression of rCBF. In contrast, two kinds of somatosensory evoked potentials, one in duced in a more lateral area of the posterior sig moid gyrus by stimulation of the contralateral fore limb and the other elicited by hindlimb stimulation in a more medial area of the same posterior sigmoid gyrus, were abolished similarly to the auditory evoked response but showed a fast recovery after I-h transient ischemia. Only after a 2-h ischemic period did the somatosensory responses stay abol ished or show a bad recovery, probably resulting from irreversible impairment. The regional blood flow was only slightly disturbed in the more lateral somatosensory area and stayed unimpaired in the medial region .
It seems probable that during focal ischemia, an abolishment of local functions in areas with mildly disturbed or undisturbed rCBF will be found wide spread over the cerebral cortex, possibly caused by subcortical deafferentation. To document this, we have measured in the present study visual evoked potentials (in the marginal gyrus) as well as the other three mentioned sensory responses. The functional state of areas with impaired sensory re sponses in the presence of nearly normal perfusion was evaluated in the hindlimb projection area of the primary somatosensory cortex by measuring evoked and spontaneous single-unit activity as well as transcallosally elicited responses to electrical stimulation of the corresponding contralateral so matosensory area during and after transient occlu sion of the MCA.
METHODS
Tw enty adult cats of both sexes weighing 2-3 kg were used in acute terminal experiments. Anesthesia was in duced with an intramuscular injection of ketamine hydro chloride (25 mg/kg). The animals were tracheotomized, immobilized with d-tubocurarine, and then ventilated with a mixture of 70% nitrous oxide and 30% oxygen.
Anesthesia was maintained during the following surgery by halothane supplementation (0.5-1.5%) to the gas mix ture. The left femoral vein and artery were cannulated.
An intravenous infusion (3 mllh) was maintained during the experiment containing a mixture of gallamine trieth iodide (5 mg/kg/h) and d-tubocurarine (0.5 mg/kg/h) to maintain paralysis. Deep body temperature was kept at � 37.soC by means of a controlled heating blanket. Arte rial blood pressure was monitored continuously, P02, PC02, and pH intermittently. All parameters were kept within the range known for awake cats (Herbert and Mitchell, 1971) .
After head fixation in a stereotaxic instrument, the left MCA was exposed using the transorbital route (Haya kawa and Waltz, 1975) . Thereafter, a hook prepared from a 18-gauge needle was passed around the proximal seg ment of the artery (Little, 1977) and fixed to the orbit with dental cement. The extended optic foramen was sealed with Gelfoam and the orbit was filled with epoxy. With an angiographic wire inserted into the needle, the vessel could be reversibly occluded by means of a micro drive. Craniotomies �5 mm in diameter were performed in the left frontal bone above the medial (20 cats) and lateral (12 cats) part of the posterior sigmoid gyrus, in the left parietal bone above the middle ectosylvian gyrus (20 cats) and above the marginal gyrus (4 cats), and in the right frontal bone above the posterior sigmoid gyrus (3 cats). After removing the dura under microscopic con trol, the exposed cortex was covered with warm saline. Somatosensory evoked potentials were elicited in SH and SF by right tibial and medial nerve stimulation, audi tory evoked potentials were elicited in A by right ear click stimulation, and visual evoked potentials were in duced in V by flash stimulation of the right eye. In the SH area of the left somatosensory cortex, potentials were evoked transcallosaly by electrical stimulation of the cor responding somatosensory area in the right hemisphere. The intensity of all stimuli was supramaximal, the dura tion was 0.1 ms, and the interstimulus interval was 0.5 s.
CBF
The evoked responses were stored on magnetic tape and averaged off-line (100 sweeps) using a laboratory com puter (MINC; Digital Equipment). The difference be tween the first positive and the first large negative wave within 30 ms was determined as the primary response.
The spontaneous ECoG was measured and stored on magnetic tape during different phases of the experiments by releasing the stimulation for brief episodes. After digi tizing (Analog-to-Digital conversion at 70 Hz after active low-pass filtering at 35 Hz), a frequency analysis of sub sequent 4-s ECoG epochs was performed using a fast Fourier transform program on the previously mentioned laboratory computer. The spectral power of the ECoG (1-20 Hz) and a frequency index (high frequency power 7.75-20 Hz/low frequency power 1-7.5 Hz) were evalu ated (Mies et al., 1984) and expressed as a percentage of control.
Single-unit activity
Spontaneous as well as evoked cortical single-unit ac tivity was recorded in SH and in A. For this purpose, multiple floating electrodes, each consisting of four plat inum-iridium microelectrodes (etched wires 50 J.Lm in di ameter, etched to 1-2 J.Lm and glass insulated up to the tip), inserted into the glass capillaries of a multibarrel mi cropipette were used. The micropipettes were fixed with wax to a heating device that could be manipulated by means of a stereotaxic microdrive. After amplification and filtering (high pass 100 Hz), single-unit activity was observed on a multichannel oscilloscope, and as soon as sufficient recordings on two or more channels in each area were obtained, the wax was heated. This released the multiple electrode and permitted it to float corre sponding to cortical movements. Single-unit activity was also stored on magnetic tape. After window discrimina tion, evoked single-unit activity was evaluated using poststimulus time histogram analysis (100 sweeps). Spon taneous single-unit activity was analyzed using a time in terval histogram routine.
Experimental protocol
After preparing the animals and obtaining appropriate neuronal responses, halothane anesthesia was replaced by ex-chloralose anesthesia (60 mg/kg i. v. ). Changes in cortical activity resulting from the different type of anes thesia (Graf et aI. , 1984) were observed, and after stabili zation of the different electrophysiological parameters (at least 1 h after chloralose injection), control measure ments were obtained. The MCA was then occluded for IS min. After reopening, the recovery of cortical activity was observed for at least 2 h. The experiments were ter minated by an intravenous injection of saturated KCI.
RESULTS
The recording sites as shown in Fig. were situ ated in the center (A) and in the periphery (SH, SF, Y) of the ischemic territory schematically labeled as a stippled area. As a result of chloralose anes thesia, relatively large evoked potential amplitudes with a characteristic uniform shape were obtained. Similarly, single-unit evoked responses changed under the special type of anesthesia to a character- in relation to the middle cerebral artery territory (schemati cally stippled area). SH and SF, hindlimb and forelimb projec tion area of the primary somatosensory cortex; V, visual cortex; A, auditory cortex; SEPH and SEP F, somatosensory evoked potentials elicited by hindlimb and forelimb stimula tion; VEP, flash-induced visual evoked potential; AEP, click induced auditory evoked potential.
istic burst pattern, spike burst responses being ob tained at the time of the primary cortical sensory compound potential.
Effects of MeA occlusion
The original recordings in Fig. 2 (traces of evoked potential amplitudes recorded on a fast pen recorder) document that, after MeA occlusion, au ditory evoked potentials decreased in amplitude im mediately and were abolished within 1-2 min. The evoked potentials in SF and Y decreased gradually over a longer period, and the somatosensory poten tial in SH decreased with a time delay of >5 min after MeA occlusion. The means of the evoked po tential amplitudes (Fig. 2 , upper block diagrams) 10 min after occlusion were severely suppressed in the investigated areas showing a blockage of sensory information to the cortex. In contrast, reEF was severely disturbed only in A. In SF and Y, residual cortical blood flow remained above 30 mil I 00 g/min, while in SH, reEF appeared hardly to be in fluenced (Fig. 2, lower block diagrams) .
Considering the functional state of the different cortical areas after abolishment of sensory poten tials, power spectral analysis of the spontaneous ECoG in A and SH was performed for further char acterization before and 10 min after MCA occlusion ( Table I ). In A the total power was significantly lower after MCA occlusion, indicating a drastic re duction of ECoG intensity. At the same time, ECoG was dominated by lower frequencies as proved by a significantly lower frequency index. The ECoG re corded in SH underwent much smaller but never theless significant changes during MCA occlusion (see also Ta ble 1).
Single-unit recordings in A and SH provided comparable results. Responses to sensory stimula tion as evaluated by post stimulus time histogram analysis ( Fig. 3 ; Ta ble 2) ceased in A in all cases within 2 min after the onset of ischemia. In con trast, responses in SH were abolished between the fourth and eighth minute after MCA occlusion; no latency shifts were measured 2 min after the onset of ischemia and the decrease of the discharge rate (counts/IOO sweeps) was not significant. In Fig. 3 , it should be particularly pointed out that single-unit recordings shown in the original recordings of the SH area 10 min after occlusion represented sponta neous rather than evoked activity. The time delay between stimulus artifact and spikes is much too short to be explained by a sensory response.
With regard to spontaneous single-unit activity, no discharges were found in A 10 min after MCA occlusion, whereas in SH the bursting spike pattern characteristic for chloralose anesthesia remained unaltered as documented by time histogram anal ysis ( Fig. 4 ; Ta ble 3). Transcaliosaliy evoked potentials induced in the SH area of the left somatosensory cortex by elec trical stimulation of the contralateral cortical area confirmed the integrity of this region even more, despite somatosensory responses being abolished during MCA occlusion. Responses obtained with two microelectrodes (Fig. 5 ) in different depths of the cortical area were not altered during focal isch emia. Similar results were obtained in two other cats.
Effects of recirculation
The effect of recirculation on the recovery of electrical activity after 15-min MCA occlusion was studied in the same cats that had been selected for single-unit recordings in A and SH. With regard to sensory evoked responses (Fig. 6) , an immediate recovery of the sensory evoked potential amplitude was found in the SH area. In the visual area, the visual evoked potential amplitude increased also to control levels but only after 1-2 h of recirculation. In the auditory area, only a partial recovery of audi tory evoked potentials was observed 2 h after recir culation. Only in the latter area did final evoked potential amplitudes differ significantly from con trol values (Table 4) . In all three investigated areas, final rCBF values had not been altered significantly from the control values (Table 4) . It should be men tioned, however, that a transient hyperperfusion followed by a slight hypoperfusion was regularly observed in A during the first hour after restoration of blood flow.
Considering evoked single-unit activity, a fast and complete functional recovery of nearly all cells was found in the SH area after reperfusion ( Fig. 7 ; Ta ble 5). In contrast, in only 5 of 16 cells in the A area was a recovery of single-unit responses ob served 2 h after recirculation. Furthermore, the dis- All mean values differed significantly from control values as indicated. Abbreviations as in Fig. I. charge rate (counts/IOO sweeps) was significantly lower in these five neurons as compared with con trol values.
DISCUSSION

Methodological considerations
The correlation between rCBF and electrophysi ological functions was provided either by using the same macroelectrode and appropriate filtering for measurement of rCBF, ECoG, and sensory evoked responses (Sato et aI. , 1984) or by inserting micro electrodes for single-unit recordings next to the ma croelectrodes. CBF measurement by means of the hydrogen clearance technique is problematic in ischemic tissue. In the acoustic area, nearly no sat uration was observed during MCA occlusion, and within the IS-min occlusion period, a desaturation could not be obtained. Thus, CBF values in A during occlusion were proved only to decrease to Fig. I. < 10-15 mill 00 g/min. In the three other cortical re gions, however, CBF measurements were reliable because of high residual flow values (�30 mllI 00 g/min).
The measurement of single-unit activity, trans callosally evoked potentials, and spontaneous ECoG enabled us to characterize the functional state of different cortical areas better than sensory evoked potential recordings did alone. To make long-term recordings, multiple floating electrodes for single unit recordings (Rosner et aI., 1986) were used; in addition, a relatively short occlusion period was chosen since brain movements during ischemia, e.g., due to brain swelling, are most likely to cause loss of single-cell recordings. In the SH area, the activity of nearly all units could be followed over the whole observation period. The loss of activity in a high number of acoustic neurons was therefore interpreted to be caused by ischemic impairment. However, a loss caused by technical failure cannot 4 ± 6 51 ± 10 10 min after occlusion 19 136 ± 35 3 ± 8 50 ± 9 A Before occlusion 16 171 ± 41 4 ± 8 55 ± 15 10 min after occlusion Listed are the mean discharge rate (counts/2 min) and the maxima of the interspike interval distribution as evaluated by time interval histogram analysis (means ± SD). Abbreviations as in Fig. I. be excluded. Transcallosally induced potentials were difficult to obtain in the medial part of the so matosensory cortex. Fiber studies have provided evidence for a less pronounced interhemispheric projection in these areas (Kawamura and Otani, 1970) . Therefore, a more lateral part of the hind limb projection area in the posterior sigmoid gyrus had to be chosen for transcallosal potential re cordings.
Cortical deactivation in the surroundings of an ischemic focus: Penumbra or deafferentation?
The most prominent finding after MCA occlusion was the abolishment of all sensory potentials and single-unit responses despite gradual changes of These values were well above the thresholds that have been described for structural cell integrity but functional impairment of cortical tissue localized in the ischemic penumbral zone (Astrup et aI., 1977; Branston et aI., 1977; Strong et aI., 1983; Symon, 1985) . Considering our results deriving from three different cortical regions in the periphery of the MCA territory, we suppose that the penumbral zone is restricted to a rather small band sur rounding an ischemic focus. Furthermore, the deactivation of particular functions during focal ischemia can be expected to be widespread over the cerebral cortex and relatively independent of local CBF changes (see also Kataoka et aI., 1986) . A better functional characterization of cortical areas in the periphery of an ischemic focus was revealed in the present study by recordings of the spontaneous ECoG, the transcallosally evoked response, and single-unit activity in SH. Despite the abolishment of sensory responses, this area was proved to be spontaneously active and it could be activated by stimulation of the contralateral hemi· sphere. In the other two investigated peripheral areas, the spontaneous ECoG also persisted to some degree during MCA occlusion. Preliminary spectral power analysis of spontaneous ECoG re cordings in SF showed mild changes of intensity and frequency index during MCA occlusion ranging between the results obtained in SH and A. Local influences of the mild rCBF reduction in SF should be taken into consideration, although ECoG alter ations are more likely to be mediated by nonlocal disturbances. Looking for possible reasons for the deactivation of sensory functions in V, SF, and SH, subcortical blockades have to be considered. A reduction of rCBF in the left hemisphere white matter radiation has been shown in the cat MCA occlusion model using autoradiographic techniques (Ginsberg et al.. 1976) . Also, a significant increase in white matter water content was found in adjacent studies after 4-h permanent MCA occlusion ). In contrast, thalamic structures have been shown to be less affected considering both CBF and water content changes (Ginsberg et aI., 1976; Kataoka et aI., 1986) . With respect to the cortical penumbra, an extension of this zone into subcor tical white matter should perhaps be considered. Synergic effects of both white matter and thalamic disturbances cannot be excluded, however. A va riety of other factors may contribute to the impair- ment of the investigated integrative cortical func tions resulting in cortical deafferentation.
Effects of recirculation
Perhaps more important than the differential im pairment of cortical functions during ischemia is the relatively good prognosis for the recovery of functional disturbances in the investigated periph eral areas of the ischemic focus after recirculation. Only in the ischemic center did auditory evoked re sponses not recover completely after a 2-h reperfu sion period. Such partial recovery may be ex plained by selective functional vulnerability or loss of cortical neurons in the ischemic tissue after short ischemia . The recovery of sen sory evoked potentials in V and SH followed dif ferent time courses, the visual evoked potential re gaining control amplitUde values much slower. As already mentioned, combined effects of local blood flow reduction and nonlocal influences should be considered in areas with reduced rCBF. We would like to point out, however, that rCBF values found in the present study in peripheral areas remained above the threshold values discussed for the func tional integrity of nervous tissue (Astrup et al., 1977; Symon, 1985) . With regard to the prognosis of the described pe ripheral disturbances after recirculation, adjacent studies with longer occlusion periods have shown that after 60-min ischemia the somatosensory re sponses in both SF and SH showed nearly com plete recovery, and even after 120-min ischemia both sensory evoked potentials exhibited a 30-50% increase in amplitude after 2 h of recirculation.
In conclusion, it should be pointed out that the disturbance of cortical functions caused by subcor tical lesions as particularly described for area SH has to be distinguished from the so-called cortical ischemic penumbra. It is perhaps most important to recognize that owing to a higher tolerance of white matter structures to ischemia, such cortical deaf ferentation has a relatively good prognosis after re circulation as compared with the impairment of neuronal function in the ischemic center. Our re- sults possibly reflect clinical reports of functional improvement after revascularization.
